Since its discovery, insulin and/or insulin mimetics have been the therapy of choice to alleviate hyperglycemia in patients suffering from either type 1 diabetes (T1D) or type 2 diabetes (T2D). These endeavors, spanning over several decades, however, have also documented the inability of this monotherapy to sustain stable glycemia on a minute-to-minute basis, decelerate the attendant metabolic and neural comorbidities and the impending adverse impact on life span.\[[@ref1]--[@ref4]\] Recent multidisciplinary research devoted to gaining a deeper understanding of the neurobiology of the adipocyte hormone leptin in the integration of energy balance has, quite unexpectedly, not only enforced a re-evaluation of the etiology of diabetes, but also has unraveled potential targets for a novel durable therapy for these two afflictions.\[[@ref5]--[@ref8]\] Additionally in the process, this insight dispelled the long-held but poorly substantiated presumptions by prominent investigators and diabetologists that T1D and T2D are distinct disorders resulting primarily from either a lack of pancreatic insulin in the former or due to development of insulin\'s ineffectiveness to maintain blood glucose within the physiologic norm in the latter.
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Instead, it is now apparent that optimal operation of leptin-brain feedback signaling is the obligatory final common hormonal--neural pathway for sustenance of glucose homeostasis through the lifetime.\[[@ref6]\] Indeed, disruption in this feedback relay resulting from leptin insufficiency in the hypothalamus due to either leptinopenia in T1D patients, or to hyperleptinemia-induced development of imperviousness of the blood-brain barrier (BBB) to leptin in T2D patients, has been shown experimentally to be a primary underlying cause of derangement in glucose homeostasis.\[[@ref6]--[@ref12]\] This conceptual advance implying a suboptimal leptin-driven signal outflow from the hypothalamus is affirmed by findings that reinstatement of leptin signaling solely in the hypothalamus readily restored glucose homeostasis and kept at bay the metabolic comorbidities for the lifetime in various clinical and experimental paradigms of T1D and T2D.\[[@ref2][@ref6][@ref7][@ref9][@ref13][@ref14]\] Remarkably, however, recognition and acceptance of this novel insight in the etiology of diabetes have been slow among the scientific community largely because of the deeply held assumptions (enumerated below) based on weak and questionable evidence over several decades, combined with inattention to those discoveries in leptin neurobiology that shed new light on the etiology of metabolic diseases.

Insulin is the only hormonal signal needed to maintain glucose homeostasis involving multiple targets in the periphery alone, and hormonal signals generated by insulin have little neurally mediated role in imposing glucose homeostasis.It is the obesity, dietary or age-related, and not the antecedent hyperinsulinemia, the earliest etiologic factor that disrupts insulin signaling at the molecular level by insulin receptor downregulation, receptor insensitivity to diminished rates of glucose disposal that progressively inflict hyperglycemia, accompanied by accelerated adipogenesis, hyperleptinemia, abnormal rate of fat deposition, and obesity.Hyperinsulinemia in T2D patients is believed to result from persistent elevated circulating glucose concentrations orchestrated by excessive dietary signals, and not due to the loss of a mandatory hypothalamic regulatory restraint on pancreatic insulin secretion caused by leptin insufficiency in the brain of these patients (see below).New information that has not yet been incorporated into the overall roadmap of the etiology of diabetes includes (i) a tonic restraint on insulin secretion is exerted by leptin-induced signal relay from the hypothalamus to the pancreas,\[[@ref15]--[@ref17]\] (ii) leptin entry into the brain across the BBB is physiologically governed by receptor-mediated regulatory processes that dynamically monitor leptin passage into the brain, strictly in accordance with the degree of hyperleptinemia,\[[@ref18]--[@ref20]\] and (iii) leptin insufficiency, induced by excessive circulating leptin concentration, curtails hypothalamic restraint on insulin secretion that, in turn, destabilizes glucose homeostasis. This is readily correctable by reinstating leptin sufficiency by circumventing BBB with replenishment directly in the hypothalamus.\[[@ref2][@ref6][@ref21]\]
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Multidisciplinary approaches undertaken to investigate the mechanism of action of leptin in hypothalamic regulation of energy intake and expenditure, quite unexpectedly, uncovered the existence of a distinct neuroendocrine axis intimately involved in the control of glucose homeostasis on a minute-to-minute basis.\[[@ref5][@ref7][@ref8]\] Seemingly, leptin mobilizes three distinct circuitries emanating from the leptin receptor-expressing hypothalamic neurons that employ diverse neurotransmitters for cross talk locally and for signal relay to peripheral organs involved in glucose disposal and energy expenditure. Whereas the appetite regulating network (ARN) resident within the hypothalamus acts locally to control energy intake, the energy expenditure network (EEN) projects to brown adipose tissue (BAT) to regulate nonthermogenic energy expenditure and glucose disposal, and the fat accrual network (FAN) regulates fat deposition in the body by coordinating pancreatic insulin secretion needed for disposal and storage of glucose in skeletal muscle, liver, and white adipose tissue (WAT).\[[@ref7][@ref22]--[@ref25]\] Subsequent observations showing that interruption of the leptin-directed neural relay to the periphery results in hyperphagia and in those multiple metabolic disturbances, such as attenuated nonthermogenic energy expenditure, unremitting hyperinsulinemia, insulin insensitivity, and hyperglycemia, that subsequently promote adipogenesis and abnormal rate of fat accrual have validated the obligatory participation of the ARN, EEN, and FAN descending pathways in weight and glucose homeostasis.\[[@ref7]\] That the hypothalamus is the singular site of leptin action in the central nervous system is further affirmed by demonstrations that either complete absence of leptin availability or deletion of leptin receptors selectively in the hypothalamus reproduces these very metabolic disruptions while restoration of leptin supply or instillation of leptin receptors locally in the hypothalamus alone reverses these afflictions.\[[@ref7][@ref10][@ref26]--[@ref28]\]

Perhaps the two most unanticipated additional findings uncovered by concerted research in the neurobiology of leptin were the discovery of leptin\'s ability to elicit unvarying, stable glycemia to enhance glucose disposal by attenuating insulin resistance in the periphery. For instance, leptin infusion intraventricularly or leptin supply selectively in the hypothalamus by gene therapy conferred euglycemia and increased insulin sensitivity peripherally in several models of TID and T2D.\[[@ref7][@ref8][@ref13][@ref14][@ref29]\] Although the precise mechanism remains to be delineated, these unique ways of leptin\'s participation in glucose homeostasis reinforced the emerging notion that leptin engages multiple hypothalamic relays to regulate glucose homeostasis on a minute-to-minute basis.\[[@ref7]\]
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Leptin therapy for diabetes {#sec2-1}
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Convergence of evidence convincingly endorses the implication that defective leptin-induced signal relay from the hypothalamus constitutes the key common pathway in the genesis of pathophysiologic sequelae that culminate in T1D and T2D. The potential for harnessing this new breakthrough is underscored by numerous preclinical and clinical investigations already underway to assess the efficacy and safety of leptin therapy for T1D and T2D. Restoration of leptin signal relay by supplying leptin selectively in the hypothalamus with gene therapy in T1D models of monogenic diabetic syndrome, the obese leptin mutant ob/ob mice displaying hyperglycemia along with hyperinsulinemia, and the insulin 2 gene (Ins2) mutant, insulin-deficient, nonobese hyperglycemic Akita mice, imposed long-lasting euglycemia and increased insulin sensitivity regardless of the marked diminution in circulating insulin seen in ob/ob mice, or in the complete absence of biologically active insulin as observed in Akita mice.\[[@ref13][@ref14]\] Similarly, hyperglycemia evoked by streptozotocin-induced insulitis in mice was remedied in favor of stable euglycemia for the one-year duration of the experiment when leptin was supplied in the hypothalamus alone by gene therapy.\[[@ref30]\] It is important to note that stable euglycemia in these paradigms was manifested in response to increased neural outflow along EEN and FAN with or without affecting signaling along the ARN. Further, leptin delivery through systemic routes by either daily injections or by leptin gene therapy also reproduced these benefits in these mouse models of T1D.\[[@ref31][@ref32]\] In leptinopenic clinical and animal lipodystrophic models exhibiting severe hyperglycemia, hyperinsulinemia, and insulin resistance, leptin replacement alone by daily injections ameliorated these symptoms during the entire course of treatment, lasting longer than 6 months.\[[@ref11][@ref33][@ref34]\] Sparked by these demonstrations of the long-term efficacy and safety of systemic leptin administration to correct diabetes, a clinical trial aimed at evaluating the application of leptin therapy in T1D patients is currently underway.\[[@ref35]\]

Predictably, due to the preexisting hyperleptinemia and increased imperviousness of the BBB to leptin entry in obese patients and in rodents with T2D, raising the circulating levels further by systemic administration is ineffective.\[[@ref5][@ref7][@ref18]\] However, circumventing the BBB by supplying leptin by either intraventricular infusion or with the aid of gene therapy selectively in the hypothalamus was highly beneficial in restoring euglycemia, concomitant with repressed hyperinsulinemia, insulin insensitivity, and adiposity, were reinstated for extended periods in both aging and high fat diet-fed obese rodents.\[[@ref7][@ref10][@ref26][@ref36]\]
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In toto, the worldwide epidemic of diabetes and attending co-morbidities, together with the knowledge of the relatively higher rates of the incidence of diabetes in developing countries,\[[@ref2]--[@ref4][@ref21]\] should catalyze a global search for newer and unconventional therapeutic strategies that can curb this alarming pandemic without the well-known shortcomings of insulin therapy, such as its failure to reproduce and sustain normoglycemia over a 24-h period, roller coaster pattern of glycemia interspersed with episodes of severe hypoglycemia, attendant obesity, metabolic and neural comorbidities, and the sky-rocketing treatment costs.

Since substantial experimental evidence has now accumulated to support a unifying role of leptin-hypothalamus signaling in T1D and T2D, leptin therapy offers distinct advantages over insulin therapy at several fronts, notably the markedly reduced frequency of treatment and blood glucose monitoring because both peripheral and central routes of leptin administration produce extremely stable glycemia and prevent the comorbidities. In fact, leptin gene therapy consisting of a single peripheral, central, or site-specific hypothalamic injection of recombinant adeno-associated virus (rAAV) vector encoding the leptin gene is highly advantageous over other modes of delivery, because it can impose long-lasting euglycemia and mitigate comorbidities.\[[@ref9][@ref10][@ref21][@ref26]\] rAAV is a relatively nonpathogenic and nonimmunogenic vector as amply documented by numerous ongoing clinical trials for various neural diseases.\[[@ref29][@ref37][@ref38]\] Consequently, leptin therapy is potentially a suitable new strategy for physicians that provide an additional armament to subserve as an efficient alternative or a supplement to the current insulin monotherapy. Since the clinical safety and benefits of leptin therapy for long-term amelioration of T1D and T2D have not yet been fully ascertained, it is timely and pertinent to undertake rigorous clinical trials to evaluate and refine the leptin treatment regimen, to determine the efficient mode of delivery---systemic, nasal, or central route---and to assess the efficacy of a stable supply of biologically active leptin with the aid of gene therapy.\[[@ref21][@ref29][@ref39][@ref40]\] A search for newer long-acting leptin mimetics that can cross the BBB and reinstate hypothalamic control of glucose homeostasis also has the potential to pave the way in providing new antidiabetic drugs.
